Abstract. For semicrystalline materials, a stacked lamellar morphology gives rise to a strongly anisotropic mechanical response. A multiscale numerical model is used to simulate the effect of a stacked lamellar microstructure on the macroscopic behaviour. The constitutive properties of the material are identified separately for the crystallographic and amorphous domains. The averaged fields of aggregates of individual phases, having different preferential orientations are determined. The anisotropy of preferentially oriented material is investigated in different deformation modes.
Introduction
The elasto-viscoplastic behaviour of semicrystalline polymeric materials is strongly dependent on the underlying microstructure [1, 2] . Semicrystalline polymers consist of both amorphous and crystalline domains. The elastic and the viscoplastic behaviour depend on the percentage crystallinity, the initial crystallographic and morphological texture, as well as the evolution of this microstructure with deformation. In recent years, many experimental and modelling studies have focused on understanding the viscoplastic behaviour and the evolution of texture of semicrystalline polymers, e.g. [3, 4, 5, 6, 7] . A micromechanically-based model for the constitutive behaviour of semicrystalline polymeric material has been presented in Van Dommelen et al. [8] . The model accounts for both crystallographic and morphological texture, the latter corresponding to the orientation distribution of the lamellar interface normals. A three-level modelling approach was used to study intraspherulitic deformation and stresses for semicrystalline polyethylene [9] and for the behaviour of oriented tensile bars [10] . The current work builds on these recently developed models by using this micromechanical framework for the simulation of the mechanical behaviour of oriented high density polyethylene (HDPE), depending on the initial microstructure. The anisotropic mechanical behaviour of HDPE with different stacked lamellar morphologies is investigated.
Model description
The constitutive behaviour of semicrystalline material is modelled by an aggregate of two-phase composite inclusions. This composite inclusion model, which is discussed in detail in [8] , is concisely summarized in this section. Each inclusion consists of a crystalline and an amorphous phase. A microstructural elasto-viscoplastic constitutive model is defined for both the crystalline and the amorphous phase.
Crystalline phase. The crystalline domain of polymeric material consists of regularly ordered molecular chains. The crystal structure shows (i) anisotropic elastic behaviour where the elastic properties, as characterized by a fourth-order anisotropically elastic modulus tensor, are given with respect to the crystallographic directions, and (ii) plastic deformation governed primarily by crystallographic slip on a limited number of slip planes [2, 11] , which is described by a rate-dependent crystal plasticity model.
Amorphous phase. The amorphous phase of semicrystalline polymeric material consists of an assembly of disordered macromolecules, which are morphologically constrained by the neighbouring crystalline lamellae. The elastic deformation of the amorphous domains is modelled by a generalized neo-Hookean relationship. A relatively strain rate-insensitive power law relation between an effective shear strain rate and an effective shear stress is used [6] . The plastic rate of stretching is defined by an associated flow rule. The Arruda-Boyce eight-chain network model of rubber elasticity [12] is used to account for orientation-induced strain hardening [13, 14] .
Composite inclusion model. The mechanical behaviour at the macroscopic level is modelled by an aggregate of layered two-phase composite inclusions as was proposed by Lee et al. [6, 7] for rigid/viscoplastic material behaviour. Each separate composite inclusion consists of a crystalline lamella which is mechanically coupled to its corresponding amorphous layer. The stress and deformation fields within each phase are assumed to be piecewise homogeneous, however, they will differ between the two coupled phases. The inclusion-averaged deformation gradient and the inclusion-averaged Cauchy stress are defined as the volume-weighted average of the respective phases. It is assumed that the crystalline and amorphous components remain fully mechanically coupled. Interface compatibility within the composite inclusion and traction continuity across the interface are enforced. To relate the volume-averaged mechanical behaviour of each composite inclusion to the imposed boundary conditions for an aggregate of inclusions, a hybrid local-global interaction law is used [8] .
Deformation modes. Initially anisotropic material is represented by sets of preferential orientations for the principal crystallographic directions and the lamellar surfaces. The mechanical response of these aggregates is investigated for various deformation modes. Aggregates of composite inclusions will be subjected to constant strain rate uniaxial tension in the three principal directions e 1 of the material coordinate system:
where ε& is set equal to the reference shear rate
, R is the macroscopic rotation tensor, and U is the corresponding right stretch tensor in the polar decomposition of the macroscopic deformation gradient tensor. Furthermore, the components of the macroscopic Cauchy stress tensor σ should satisfy:
In another test case, pure shear deformation is applied by prescribing one of the basic shear components ij of the (symmetric) right stretch tensor: Microstructures. The mechanical responses of oriented microstructures will be investigated for different deformation modes, using the composite inclusion model. All properties of the individual crystalline and amorphous phases are assumed to be similar to the properties as determined in [8] for initially isotropic HDPE. Experimental studies of melt-crystallized polyethylene show that lamellar surfaces are of the {h0l}-type, where the angle between the chain direction c and the lamellar normal n varies between 20° and 40° [15, 16] . For the first orientation set (set A), a stacked lamellar structure of HDPE material is assumed, where the lamellar normals are arranged preferentially parallel to the global e 1 direction. The initial angle between c 0 and the normals of the crystalline-amorphous interface n I 0 is set at 35°, corresponding to the crystallographic {201} planes being parallel to the interface. The crystallographic [010] directions are chosen randomly within the plane of the lamellar surfaces. A set of 125 crystallographic orientations is chosen that represents the described structure, with a certain additional random deviation. These orientations are represented in equal area projection pole figures in Fig. 1 . 
Results
The obtained equivalent macroscopic stress, , : All differences between responses in the e 2 and e 3 directions within the aggregates are of statistical nature. For orientation set A, in uniaxial tension in e 1 direction, a reduction of the initial yield stress with respect to isotropic material (for a randomly oriented aggregate, see [10] ) is found, in combination with a strong increase in post-yield hardening. Also, a decrease in the shear modulus is found for the 13 and 23 shear modes, together with a decrease in yield stress.
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To further investigate the nature of the anisotropy of the oriented aggregate, it was subjected to stress-controlled biaxial loading. In Fig. 3(c) , it can be seen that for biaxial loading in the e 2 and e 3 directions (i.e. the global e 1 direction being a stress-free direction), the stretch ratios in these two directions are similar to each other, corresponding to the transversely isotropic character of the orientation distribution. For biaxial loading in for example the e 1 and e 2 directions (Fig. 3(e) ), first of all, it can be observed that this results in significantly lower stretch ratios. Moreover, only a small difference between the stretch ratios λ 11 and λ 22 is found. For the second set of composite inclusions (set B), a substantially different behaviour is observed, see Fig. 4 . For this aggregate, an increased initial yield stress for uniaxial loading in e 1 direction is found, followed by strong post-yield hardening. For biaxial loading in the e 2 and e 3 directions, a sudden yield phenomenon occurs at a higher stress than the corresponding yield stress for orientation set A. Because of the fibre symmetry of the orientation distribution, deformations in the e 2 and e 3 directions are equal. Biaxial loading in the e 1 and e 2 directions results in a stretch which occurs almost entirely in the e 2 direction in combination with a compressive strain in the stress-free e 3 direction. The deformation in e 1 direction, which corresponds to the strongest direction in uniaxial tension, is relatively small in biaxial loading. This anisotropic distribution of deformation is much smaller in orientation set A, which was constructed such that the lamellar normals were parallel to the global e 1 direction. By maintaining the angle between lamellar normals and molecular chains, the chains were oriented at a certain angle with respect to the symmetry-direction, e 1 , of the aggregate. For orientation set B, the lamellar normals as well as the molecular chains were oriented preferentially parallel with the global e 1 direction, with a reduced angle between molecular chains and lamellar normals. Since the molecular chains correspond to plastically inextensible directions of the crystallographic lattice, the aggregate has a significantly elevated yield stress in the global e 1 direction.
Conclusions
The deformation of semicrystalline polymeric materials is the result of the interplay of various effects and mechanisms at different levels. A universal prediction of the constitutive behaviour of these materials would require a coupled and detailed modelling of the various deformation mechanisms and criteria for the different failure modes, which is at present still not feasible. In this work, the sole influence of the microstructure, represented by the orientations of the crystalline lamellae, on the mechanical response was investigated. The anisotropic response of two different stacked lamellar morphologies has been compared. Although for both morphologies, strong post-yield hardening was found for uniaxial tension in the preferred direction for lamellar normals, for stress-controlled biaxial loading, the response of the two morphologies differed largely. Depending on the orientation distribution of the molecular chains, for one orientation set, an anisotropic distribution of deformation was found.
